4.6.1.11 stimulation and the degree of binding to the immobilized isoproterenol. Norepinephrine, bound through the ethanolamine side chain via an amide linkage, did not bind cells, demonstrating specific structural requirements for drug-cell interactions. HeLa cells were shown to bind tightly to diphtheria toxin coupled to Sepharose beads via an amide bond. This binding was inhibited by prior incubation of the Sepharose toxin with purified antitoxin. Toxin bound to Sepharose via an azo bond did not bind cells. These data suggest that the cell affinities are due to cell surface receptors interacting with the immobilized drugs and hormones, and that the observed affinities ssibly reflect the relative receptor complement of these cel s. In 1967, Taunton et al. (1) postulated that corticotropin (ACTH) interacts with a finite number of receptors on the external surface of the plasma membrane of rat adrenal and fat cells. Subsequently, Schimmer et al. diazotized corticotropin to paminobenzoyl-substituted cellulose. This insolubilized corticotropin was reported to stimulate steroid production in cultured adrenal cortex tumor cells (2) . A variety of hormones, drugs, and other ligands have since been immobilized on solid supports and used for the affinity isolation of cell membrane receptors and subcellular drug and hormone-binding proteins (3) (4) (5) (6) . Edelman and coworkers in 1971 applied the techniques of affinity chromatography to intact cells (7) . Soderman et al. utilized insulin immobilized on Sepharose beads to bind isolated rat fat cells, adding support to the hypothesis that insulinSepharose is capable of receptor interaction (8) . Venter, Kaplan, and coworkers have used catecholamines covalently linked to glass beads to assess the cellular sites and mechanisms of action of catecholamines. This work has included the affinity isolation and partial purification of the,-adrenergic receptor-adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] membrane complex from turkey erythrocytes (9) . Our results with hormones and drugs covalently immobilized on solid supports and various soluble and insoluble polymers (10) suggested to us a possible method of "targeting" particular cell types, specifically, the target tissues of the hormone or drug in question.
The 12 and 13, respectively. In the preparation of the substituted glass and Sepharose beads, hexanediamine was used as the spacer as described (12, 13) . Diphtheria toxin and norepinephrine were also coupled to Sepharose via an amide linkage (14) . The structure of immobilized isoproterenol has been established, with the azo substitution at the 6 position of the catechol ring (15) . For (This procedure works best with the glass beads, but may also be used with the Sepharose complexes.) The suspended cells were decanted off onto the silk screen filter and the flask was carefully rinsed once with ice-cold phosphate-buffered saline (20 ml). The beads on the bottom of the flask were then rinsed onto the filter and the filters were washed three times with 10 ml of phosphate-buffered saline. Cells bound to the drug-bead complexes were retained on the filters; cells not bound to beads passed freely through. The filters were dried and counted using toluene and Omnifluor (Gal-Packs, New England Nuclear) to determine the degree of cell binding. The Fig. 1 . Photomicrographs of the effects of propranolol (1 mM) preincubation on glial cell binding to isoproterenol-glass beads can be seen in Fig. 2C .
Binding specificity was also assessed by varying the structural conformation of the immobilized catecholamines. In order to ascertain whether the binding observed between the immobilized hormones and their target cells was specific for the target cell type, the interaction between the various immobilized compounds and nontarget cells was studied. The "target cells" and "nontarget cells" were mixed in equal numbers, one cell type previously labeled with 3H-labeled amino acids, and the other with "4C-labeled amino acids.
A comparison of the binding of the various cells types to isoproterenol-Sepharose is shown in Fig. 1 When the various cell types were incubated with T3-Sepharose beads, the results were as shown in Fig. 3 . The GH3 cells bound in substantially greater numbers to the T3-beads than did the C6 or Y-1 cells. C6 cells bound in greater number than did the Y-1 cells. The binding of all three cell types was inhibited to essentially zero time values by prior incubation of the cells with soluble T3 (10 M). These results are summarized in Fig. 3 and Table 1 . The binding of cells to corticotropinSepharose beads, while substantially lower than with T3-or isoproterenol-Sepharose, did display similar binding specificity. More Y-1 cells bound to corticotropin-Sepharose than did C6 cells, more of which bound than did GHs cells. These results are summarized in Table 1 .
The increase in intracellular cAMP concentration in response to soluble isoproterenol was determined in an attempt to further correlate the receptor interaction with the immobilized drugs and cellular biological responses. The assay of intracellular cAMP concentrations revealed that, although all the cell types responded to some degree to soluble isoproterenol (10MgM), the most significant responses were found with the C6 cells. The cellular cAMP responses to the soluble agents are summarized in Table 2 . These results are in agreement with the degree of cell binding to the immobilized isoproterenol. It has previously been reported that cAMP is increased when C6 cells are incubated with immobilized isoproterenol (11) .
In the studies with the C6 cells and the immobilized catecholamines, it was observed that, past a certain point, increasing the ratio of beads to cells did not significantly decrease the number of cells which remained free in suspension. When saturating amounts of immobilized catecholamines were used, 12 With an immobilized agonist such as isoproterenol, it was necessary to use propranolol at concentrations of up to 1 mM to significantly inhibit the binding of the glial cells to immobilized isoproterenol. It is not unreasonable that high concentrations of antagonist are necessary due to the high local concefitration of immobilized drug at the bead-cell interface. In order to block cell binding, intuitively, it seems necessary to block the majority of the available membrane receptors. The high concentrations of soluble drug required for inhibition of the cell binding to the various bead preparations have also been reported by others (4) . High concentrations of propranolol are required to inhibit the biological action of glass bead immobilized isoproterenol on isolated cardiac muscle (16) .
Binding specificity was also assessed by cross binding studies involving both "target and nontarget" cells. The results with immobilized isoproterenol indicate that the best binding was obtained with the glial cells. Of interest is the relationship between cell binding to the immobilized catecholamines and the extent of a (3-adrenergic response in the various cell types ( Fig.  1 and Table 2 ). The C6 cells bound in the greatest numbers to the catecholamine beads and had the highest fl-adrenergic receptor responses to soluble catecholamines ( Fig. 1 and Table  2 ). In contrast the Y-1 cells bound the least to the immobilized isoproterenol and had the lowest cAMP response.
The cell binding was always highest for the "target cell" of a particular hormone, supporting the hypothesis that the cellbead interactions may be specific. The large number of "nontarget" cells that bind to immobilized T3 could reflect the ubiquitous nature of this hormone's effects.
The specific structural requirements for cell binding to the immobilized catecholamines are additional evidence for binding specificity. Norepinephrine covalently linked to the solid supports via an amide linkage to the ethanolamine side chain does not bind glial cells, nor is it biologically active (14) , indicating a structure-activity relationship for binding in agreement with structural requirements for biological activity.
A finding of additional interest is that there appears to be a discrete population of cells in the C6 clone that lack the ability to bind to the immobilized isoproterenol. In preliminary experiments using an increasing ratio of isoproterenol beads to glial cells, we have observed that there is a population of cells that fail to bind to the beads. These cells may be "immature" or may represent a subclone that perhaps does not synthesize a f3 receptor. The possibility also exists that membrane receptor density is cell-cycle dependent.
The preliminary studies performed with immobilized diphtheria toxin and HeLa cells suggest the presence of a receptor for diphtheria toxin on the plasma membrane. This is Proc. Natl. Acad. Sci. USA 73 (1976) Proc. Natl. Acad. Sci. USA 73(1976) 2017 consistent with a report by Creagan et a!. (17) that mousehuman hybrid cells that lack human chromosome 5 are insensitive to diphtheria toxin due to a possible absence of the membrane receptor. The observed differences in binding affinity of the two immobilized diphtheria toxin preparations are also suggestive of a structure-activity relationship for toxin binding to the cell membrane. The plant toxins abrin and ricin, when immobilized on Sepharose, have been reported to bind erythrocytes (18) , suggesting membrane receptors for these agents; these authors have found that B peptides of these toxins will bind cells but not the A peptides.
We feel that the majority of the immobilized drug-cell interactions we see may represent specific drug-receptor interactions. The techniques employed here may have utility in the affinity isolation of specific cell types, for cell cloning purposes, or for possible assessment of cell receptor complements. The cell affinity techniques may also provide a means of assessing drug structural conformations for receptor binding that will allow drug affinity columns to be utilized for receptor isolation.
